ABSTRACT. Vibrio vulnificus hemolysin (VVH), a pore forming toxin, is thought to be a virulence factor of this bacterium. It is well known that VVH induces apoptosis as well as cell lysis in susceptible target cells. Although pore formation is an essential step in cell lysis, it is unknown whether this step is necessary for VVH-induced apoptosis. In this study, Chinese hamster ovary (CHO) cells were exposed to non-oligomerized mutant F334I, in which phenylalanine 334 was replaced by isoleucine. The rate of apoptosis caused by the wild type VVH (VVH wt) was 41.5  6.4 %, whereas that caused by F334I was 0.4  0.8% at the same concentration. Our results clearly showed that oligomerization is essential for the cell lytic activity as well as apoptotic activity of this toxin. Vibrio vulnificus is an opportunistic pathogen that causes a high mortality rate (over 50%) in septicemia [6] . Primary septicemia in V. vulnificus infection is caused by the ingestion of contaminated seafood, or through wound infections after exposure to contaminated seawater or marine products [8, 14] . V. vulnificus secretes a pore forming toxin known as VVH, and this toxin is a possible virulence factor [2, 12] . VVH forms an oligomer, after first binding as a monomer to the cellular membranes [5] . This oligomer formed small ion-permeable pores (about 3 nm in diameter), which induced hemolysis by colloid osmotic shock [15] . In addition to erythrocytes, VVH has cytotoxicity against a variety of mammalian cells such as mast cells and endothelial cells [7, 16] . On the other hand, it was reported that VVH could induce apoptosis in ECV304 epithelial cells at 0.5 hemolytic unit (HU) [7] . In the case of alpha-hemolysin from Staphylococcus aureus, high doses induced cell lysis whereas low doses triggered apoptosis [3] . It was suggested that differences in the size of the pores formed by this toxin could explain this result, i.e., low doses of hemolysin may have triggered apoptosis by forming small pores while high doses of hemolysin induced cell lysis by forming large pores [3] . Moreover, it is also well known that apoptosis can occur through the interaction between signaling molecules outside the cells and receptors such as the Fas-Fas ligand [13] . Therefore, VVH might trigger apoptotic signals by binding to the target cell membrane. However, the relationship between the triggering of cellular apoptosis and the modes of action of VVH is still unknown. We showed here that oligomer formation was essential for the apoptotic activity of VVH.
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The expression vector of recombinant VVH wt was constructed as follows. VVH encoding gene, vvhA was amplified without signal sequence by PCR with the primers 5'-CATATGCAAGAATATGTGCCGATTGTT-3' (the underline indicates an NdeI site) and 5'-CTCGAG-GAGTTTGACTTGTTGTAATGT-3' (the underline indicates an XhoI site), from Vibrio vulnificus genome as the template. The amplified DNA was ligated to pGEM-T vector (Promega, Madison, WI) and the sequence was confirmed by DNA sequencing. The NdeI and XhoI fragment was inserted into pET29b (Novagen, Inc., Madison, WI) NdeI-XhoI site. The resultant plasmid was designated as pvvhA wt. The pvvhA wt was introduced into Escherichia coli JM109 (DE3). The bacteria were cultivated in LuriaBertani (LB) broth containing 10 g of Kanamycin/ml and induced to produce the protein by using 0.1 mM isopropyl-
-D-thiogalactopyranoside (IPTG). The His-tagged VVHs
were purified with His-Bind Resin according to the manufacture's instructions (Merck Biosciences, Darmstadt, Germany). The protein concentrations were determined by the methods of Lowry et al. [9] .
First, we examined whether or not the recombinant VVH wt induces apoptosis in CHO cells. CHO cells were grown in Dulbecco's modified Eagle's minimum essential medium (DMEM) (Gibco BRL Life Technologies, Rockville, MD) supplemented with 2 mM glutamine, 2 mM sodium pyruvate, and 10% heat-treated fetal calf serum. CHO cells were seeded in 24-well tissue culture plates with a cover slip at 1  10 5 cells/well. After 24 hr, the cells were pre-treated with 50 M of caspase-1 (z-YVAD-fmk) or -3 inhibitors (z-DEVD-fmk) for 2 hr before treatment with VVH wt, respectively. The VVH wt (50 ng/ml) was added to CHO cells, and after 12 hr of incubation the CHO cells were stained with Mebstain apoptosis kit (Immunotech, Marseilles, France). As shown in Fig. 1 , VVH wt induced DNA fragmentation in the CHO cells. DNA fragmentation by VVH wt was inhibited by pretreatment with 50 M of caspase-3 inhibitor, but not by pretreatment with 50M of caspase-1 inhibitor (Fig. 1) final concentrations of 15 g/ml and 30 g/ml, respectively, and incubated at 37C for 1 hr. The presence of monomers and oligomers was detected using anti-VVH polyclonal antibody. Cellular actin was detected by anti-actin monoclonal antibody (Chemicon International Inc., Temecula, CA). Primary antibodies were detected using horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence (ECL; Amersham Biosciences, Buckinghamshire, UK). ** Significant decrease compared with the LDH release of VVH wt (ANOVA and Tukey's test, P<0.01).
min. After PCR amplification, the PCR product was purified using a gel extraction kit (Qiagen) and digested with NdeI and XhoI. This digested fragment was ligated into the NdeI and XhoI site of pET29b and then transformed into the E. coli JM109(DE3). The expressed VVHs were purified by Ni-NTA resin (Merck chemicals, Darmstadt, Germany). The mutant that could not induce morphological change to CHO cells was selected by compareing with the VVH wtinduced morphological change ( Fig. 2A) . One mutant did not induce the morphological change to CHO cells and the identification of mutation site by DNA sequence revealed that the position 334th phenylalanine was replaced by isoleucine in this mutant ( Fig. 2A) . This mutant was designated F334I. Furthermore, the cytotoxicity of VVH wt and F334I was evaluated by lactate dehydrogenase (LDH) release assay. After 24 hr from the seeding of cells in 24-well tissue culture plates at 1  10 5 cells/well, the cells were washed twice with Hank's balanced salt solution and then incubated with pre-warmed DMEM. The VVH wt or F334I was inoculated to the wells at the indicated concentrations in figure  2B . After incubation at 37C for 150 min, aliquots of media samples and cell extracts were assayed for LDH using pyruvate as a substrate. Total LDH activity in cell lysates obtained by solubilizing the cells with 0.5% TritonX-100. The percentage of LDH release was calculated as: (Sample LDH-vehicle control LDH)/(Total LDH-vehicle control LDH)  100. The VVH wt (3 g/ml) induced the cytotoxicity in 85.3  1.9 % of the cells (Fig. 2B) . On the other hand, F334I could not induce the cytotoxicity, even when the fourfold higher concentration of F334I than that of VVH wt was added (3 g/ml; 5.2  5%, 12 g/ml; 3.2  2.7%). To determine the ability of F334I to form an oligomer in CHO cells, the VVH wt (15 g/ml) or F334I (30 g/ml) was incubated with CHO cells for 1 hr and the monomer or oligomer of VVH was detected by western blotting with anti-VVH polyclonal antibody from the lysate of the CHO cells. As shown in Fig. 2C , the VVH wt formed an oligomer but F334I did not, even when the concentration of F334I was increased to twice that of VVH wt. The binding ability of F334I to the cells fell by approximately 50% compared with VVH wt (data not shown). Kim et al. reported that VVH occurs the cytotoxicity by pore formation in the cellular membrane [5] . Absence of LDH release and oligomer formation in the F334I-treated cells were supported by this report.
We next investigated whether or not the oligomer formation of VVH is necessary for induction of apoptosis in CHO cells. After 12 hr of incubation with the VVH wt (50 ng/ml) or F334I (50 ng/ml and 2 g/ml), VVH wt induced apoptosis in 41.5  6.4% of the cells, whereas the F334I induced apoptosis in only 0.4  0.8% of the cells at the same concentration. F334I did not cause apoptosis in CHO cells even when the concentration was increased to 400 times that of VVH wt (Fig. 2B) .
Many pore forming toxins induce apoptosis in the mammalian cells at a sublytic dose [11] . VVH also induced apoptosis in ECV304 cells through mitochondrial dysfunction mediated by the generation of reactive oxygen species (ROS) [7] . It is known that VVH binds to cellular membrane as a monomer and then forms pores resulting in hexameric oligomer formation [4, 15] . Thus, VVH somehow stimulates the apoptotic pathway within this process. In this study we used F334I to investigate whether the oligomerization of VVH was required for induction of apoptosis. F334I could bind but was not oligomerized in CHO cells (Fig. 1) . F334I could not induce apoptosis in CHO cells, even at a concentration four hundred times higher than that of VVH wt (Fig. 2B) . These results demonstrated that VVH binding to the cellular membrane by itself did not stimulate the apoptosis pathway, and that oligomerization is essential for apoptotic activity. However, there are another possibility that the apoptotic activity of this mutant might be lost by gross structural alteration in the toxin after the substituting F344 to Ile. The structural basis analysis of this mutant will be needed in the future.
VVH induces the release of some ions including K + through the hexameric pore from the cytosol of target cells [15, 17] . It was also reported that the normotonic shrinkage of cells, which is the hallmark of apoptosis, is started before cell fragmentation and is coupled to intracellular K + release [10] . These findings suggest the possibility that VVH induces apoptosis in CHO cells via K + release from the cytosol. Further study is necessary to clarify the effect of oligomer formation and ion flux on the apoptotic activity of this toxin. 
